Transcription of protein-coding mRNAs in eukaryotic cells takes place in two distinct subcellular compartments, nuclei and mitochondria; in those cells that have them, it takes place also in chloroplasts. The vast majority of cellular mRNAs are synthesized in the nucleus, whereas mitochondria contain the genetic information for the transcription of only a few mRNAs (13 in mammalian cells), which are translated within the organelle into protein subunits of the respiratory chain (6, 45) . The remaining mitochondrial proteins are encoded by nucleusderived mRNAs and are imported posttranslationally into the organelle. Thus, mitochondrial proteins are products of translation from mRNAs encoded by both nuclear and mitochondrial genomes.
Nucleus-encoded mRNAs are transcribed as large precursors that undergo several processing steps before their export to the cytoplasm as mature mRNAs. These steps include addition of a 7-methylguanosine cap at the 5Ј end, cleavage and polyadenylation of the 3Ј end, and removal of introns through splicing. Throughout their maturation pathway, RNAs are associated with RNA-binding proteins as ribonucleoprotein (RNP) complexes. The proteins that are stably associated with nuclear RNAs have been extensively characterized and have been shown to participate in virtually all stages of mRNA maturation (16) . In most cases, their RNA-binding activity resides in one or more distinct RNA-binding domains characterized by specific amino acid sequence motifs such as the RNP motif, KH domain, and RGG box (3) . Through this binding they have an impact on the processing reactions occurring on the RNAs with which they associate (10, 16) .
The specific set of proteins associated with an individual mRNA depends on the sequence characteristics of the RNA and changes in a processing-stage-dependent manner (10, 27) . Analyses of RNP complexes associated with pre-mRNA and mRNA showed that there is extensive remodeling of their protein composition as the RNA matures. This remodeling includes recruitment of specific proteins at exon-exon junctions (18) . Further remodeling leads to formation of nuclear mRNPs (nmRNPs), which are associated with mature mRNA and with shuttling RNA-binding proteins but from which nonshuttling hnRNP proteins are absent. In addition, these mRNPs contain specific proteins not found in pre-mRNA-associated RNPs, including alternatively spliced isoforms of hnRNP proteins and novel RNA-binding protein LRP130, which is discussed below (27) .
Mitochondrial transcripts follow a maturation pathway quite distinct from that of nuclear RNAs. The circular mitochondrial DNA (mtDNA) is transcribed by a phage-like mitochondrial RNA polymerase into two large polycistronic primary transcripts complementary to each mtDNA strand (6, 45) . Individual rRNAs and mRNAs are released from these transcripts by endonucleolytic cleavage and removal of intervening tRNA sequences (31) . The cleavage reactions that yield mature tRNA 5Ј ends are catalyzed by a mitochondrial RNase P, whose composition is controversial (38, 40) . tRNA 3Ј ends are generated by a distinct 3Ј processing activity (21) . Further processing of mitochondrial mRNAs in mammalian cells involves only polyadenylation of the 3Ј end. rRNA maturation involves base modification and oligoadenylation at the 3Ј end, while tRNAs undergo base modifications and addition of a CCA tail at the 3Ј end (6, 45) .
While the processing steps that lead to functional RNAs in mitochondria are quite well understood, little is known, especially for mammalian cells, about the proteins that associate with mitochondrial RNAs. By analogy to nuclear RNP complexes, and based on the paradigm set mainly through studies of the yeast Saccharomyces cerevisiae (9, 36) , RNA-binding proteins would also be expected to participate and/or regulate every aspect of mitochondrial mRNA metabolism. A small number of mammalian mitochondrial proteins with well-characterized enzymatic activities, such as cis-aconitase, glutamate dehydrogenase, and enoyl-coenzyme A hydratase (1, 29, 37) , have been shown to exhibit RNA-binding activity in vitro. However, it is not known whether they bind mitochondrial RNA directly in vivo. Interestingly, other candidate participants in mitochondrial RNA metabolism belong to a growing family of proteins that are not confined to this organelle but rather have dual localization in nuclei and in mitochondria. These include p32 (2), which is thought to function in regulating nuclear pre-mRNA splicing through associating with the splicing factor ASF/SF2 (33) , while an involvement in mitochondrial RNA maturation has been reported for its trypanosome homologue (14) . The putative human RNA helicase MDDX28 is also present in both organelles, but its function is unknown (47) . Several yeast proteins with dual localization in mitochondria and nuclei have also been reported. They include Rna14p, a subunit of nuclear cleavage and polyadenylation factor I, which is mainly located in mitochondria (41) , and Cca1p, Mod5p, and Trm1p, which catalyze various steps in the maturation of both nuclear and mitochondrial tRNAs (26) .
LRP130, as shown in this work, belongs also to this family of proteins, with possible roles in both nuclear and mitochondrial RNA metabolism. LRP130, also known as LRPPRC (20) , was originally identified as a lectin-binding protein overexpressed in hepatoblastoma HepG2 cells (15) . The finding that it is an RNA-binding protein associated with nuclear mRNP complexes suggested that it has a function in mRNA-specific metabolic events (27) . In agreement with this, the putative Drosophila melanogaster LRP130 homologue, BSF, has been implicated in stabilizing the nucleus-encoded bicoid mRNA by binding to a specific 3Ј untranslated region element (22) . More recently, on the other hand, mutations in the LRP130 gene were found to cause Leigh syndrome, French-Canadian type, which is a mitochondrial cytochrome c oxidase deficiency in humans, leading to the suggestion that LRP130 could also participate in mitochondrial RNA processing (28) . Neither LRP130 nor Drosophila BSF contains any recognizable RNAbinding motifs in its primary amino acid sequence. However, both LRP130 and BSF are members of a family of proteins that contain multiple copies of the recently described pentatricopeptide repeat (PPR) motif (42) . This ca. 35-amino-acid (aa) motif is present in more than 400 proteins in the databases. Importantly, the few other members of this family that have been functionally characterized are all implicated in RNAprocessing events in mitochondria or chloroplasts (7, 12, 17, 23) . Whether the PPR motif itself constitutes an RNA-binding domain, however, is not known.
Here, we show that, while a fraction of human LRP130 proteins are in the nucleus and associate with the shuttling hnRNP protein A1 in vivo through direct binding of both proteins to the same RNAs, the majority of LRP130 proteins are located within mitochondria. UV light-induced cross-linking shows that mitochondrial LRP130 is directly bound in vivo to mitochondrial polyadenylated RNA, implicating LRP130 in the metabolism of mitochondrial RNA. LRP130 binds preferentially to polypyrimidines in vitro. This RNA-binding activity maps to a C-terminal region of LRP130 that does not contain any of the previously described RNA-binding motifs and that likely constitutes a novel type of RNA-binding domain. These findings indicate that LRP130 belongs to a growing group of proteins with roles in RNA metabolism in both nuclei and mitochondria and provide a possible molecular explanation for the cytochrome c oxidase defects that result from mutations in LRP130.
MATERIALS AND METHODS
Cell culture. HeLa cells were grown in monolayer culture in Dulbecco's modified Eagle medium supplemented with 10% fetal calf serum and 1% penicillinstreptomycin. Hybridoma cells were grown in serum-free medium (HyClone).
Plasmids. LRP130 cDNA in the pBluescript SK(ϩ) vector was provided by W. L. McKeehan (Texas A&M University). PCR was used to introduce a NotI site at the 5Ј end and a KpnI site in place of the stop codon, and the cDNA was subcloned into NotI and KpnI sites of the pcDNA3.1(-)/Myc-His vector (Invitrogen) in frame with the coding sequence for the Myc His tag. To generate N-terminal truncations, the LRP130 cDNA was digested with AvaI and BglII, SalI and BglII, StyI and BglII, EcoNI and BglII, or BsaBI and BglII. The 5Ј end of each fragment was blunt ended and cloned into NdeI or XhoI (blunt ended) and BamHI sites of the pET15b vector (Novagen) to yield constructs C8, C7, C3, C2, and C1, respectively. Plasmids encoding further truncated forms of the C2 construct (see Fig. 7 ) were generated by PCR amplification of the corresponding cDNA fragments followed by ligation into the NdeI and BamHI sites of the pET15b vector (Novagen). The exact portions of LRP130 represented by each construct are as follows: C2⌬N1, aa 1015 to 1273; C2⌬N2, aa 1050 to 1273; C2⌬C1, aa 879 to 1228; C2⌬C2, aa 879 to 1193; C2⌬N1C1, aa 1015 to 1228. The numbers correspond to the positions of the amino acids at the end of each construct, based on the predicted sequence of the protein deduced from the deposited cDNA (GenBank accession no. M92439).
Expression of LRP130 in Escherichia coli and production of MAbs. BL21(DE3) E. coli cells were transformed with C8, C3, C2, or C1 construct plasmids encoding the C-terminal 90-, 59-, 43-, and 17-kDa regions of LRP130, respectively, fused to a His tag. Production of the proteins was induced with 1 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) for 2.5 to 3 h at 30°C. The recombinant proteins were purified with Ni-nitrilotriacetic acid-agarose beads (Qiagen) under denaturing (C8 construct) or nondenaturing (constructs C3, C2, and C1) conditions, according to the manufacturer's instructions. The C8 and C3 recombinant proteins were used as antigens for production of monoclonal antibodies (MAbs). Hybridoma production and screening were done as previously described (34) . The epitopes for 9C9 and 4C12 were mapped by immunoprecipitation of C-terminally truncated forms of LRP130 produced by in vitro translation and by Western blot analysis of N-terminally truncated forms of LRP130 produced in bacteria (data not shown). The epitope for 4C12 maps between aa 453 and 600 of the full-length sequence (based on accession no. M92439), and the 9C9 epitope is located at the C-terminal end encompassing aa 1115 to 1273 (data not shown).
Immunofluorescence microscopy. HeLa cells were fixed and stained as previously described (34) by using the purified 9C9 MAb at ϳ2.5 g/ml or a similar concentration of nonimmune SP2/O myeloma immunoglobulins. Staining was observed with a Zeiss Axiophot microscope and was recorded by using the same exposure conditions for both antibodies. For colocalization studies, HeLa cells were grown for 30 min in the presence of 200 nM Mitotracker Red CMXRos (Molecular Probes), followed by 5 min in regular medium prior to fixation and staining.
Subcellular fractionation. HeLa cells were homogenized in hypotonic RSB-10 buffer (10 mM Tris-Cl [pH 7.4], 10 mM NaCl, 2.5 mM MgCl 2 ) with a Dounce homogenizer. All steps were carried out at 4°C. Sucrose and EDTA were added to final concentrations of 250 and 1 mM, respectively, and nuclei were pelleted at 600 ϫ g for 5 min. The supernatant was separated into a mitochondrial pellet and soluble cytoplasm by centrifugation at 17,000 ϫ g for 15 min. The mitochondrial pellet was resuspended in isotonic sucrose buffer (250 mM sucrose, 10 mM Tris-Cl [pH 7.4], 1 mM EDTA). The mitochondrial fraction was layered onto a VOL. 23, 2003 BINDING OF MITOCHONDRIAL AND NUCLEAR RNAs BY LRP130 4973 sucrose 1.0 to 1.5 M step density gradient and centrifuged at 20,000 rpm for 20 min in a Beckman L-70 ultracentrifuge. Fractions (0.5 ml) were collected from the top, and equal volumes from each fraction were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting. For protease digestion, proteinase K was added to aliquots of mitochondrial fractions at 1 g of proteinase/g of protein, with or without Triton X-100 at a final concentration of 0.5%. The samples were incubated on ice for 30 min, and the reaction was stopped by addition of phenylmethylsulfonyl fluoride to 5 mM. The samples were boiled in SDS-PAGE sample buffer and analyzed by SDS-PAGE and immunoblotting. UV light-induced cross-linking of proteins to RNA in living cells. Cross-linking of proteins to RNA in vivo by UV light irradiation of cells was performed as previously described (27) except that UV-irradiated cells were fractionated into nuclear and mitochondrial fractions as described above prior to oligo(dT) selection. For nuclease digestion, the mitochondrial fraction was treated for 15 min at 30°C with 200 U of micrococcal nuclease/ml-1 mM CaCl 2 in the presence or absence of Triton X-100 (0.5%). Cross-linked complexes from each fraction were selected by oligo(dT) chromatography, and cross-linked proteins were analyzed by SDS-PAGE and immunoblotting, as previously described (27) . For immunoprecipitation of cross-linked complexes, UV-irradiated cells were fractionated into soluble cytoplasmic and Triton X-100-extracted fractions as described previously (27) and cross-linked complexes were selected from the Triton X-100-extracted fraction. Prior to elution, the oligo(dT) columns were washed with a low-SDS-concentration binding buffer (10 mM Tris-Cl [pH 7.4], 1 mM EDTA, 0.05% SDS, 0.5 M LiCl). The salt concentration of the material eluted from the oligo(dT) column was adjusted to 100 mM NaCl, and the eluted material was subjected to immunoprecipitation with MAbs for 1 h at 4°C. The immunoprecipitated complexes were digested for 1 h at 30°C with a mixture of RNase A at 25 g/ml and micrococcal nuclease at 400 U/ml for subsequent analysis of the released proteins by SDS-PAGE and immunoblotting.
Immunopurification of RNP complexes. HeLa cells were lysed in RSB-100 (10 mM Tris-Cl [pH 7.4], 100 mM NaCl, 2.5 mM MgCl 2 ) containing 0.5% Triton X-100 and were sonicated twice for 5 s on ice with a microtip sonicator (model XL2015; Heat Systems, Farmingdale, N.Y.). The sonicated material was layered onto a 30% sucrose cushion in RSB-100 and centrifuged at 4,000 ϫ g for 15 min. The supernatant was collected and clarified further by centrifugation for 5 min at 8,000 ϫ g in a microcentrifuge. RNP complexes were immunopurified from the supernatant with antibodies as previously described (34) .
Gel electrophoresis and immunoblot analysis. SDS-PAGE and immunoblotting were carried out as previously described (35) . The following antibodies were used for immunoblot analysis: 4C12 and 9C9 (anti-LRP130; described here), 4B10 (anti-hnRNP A1) (35), 4F4 (anti-hnRNP C1/C2) (5), 1A5 (anti-hnRNP K/J) (25), 7G2 (antinucleolin) (34), anti-PABP1 (13), and anti-hsp60 (StressGen).
In vitro transcription-translation. Full-length LRP130 and N-terminally truncated forms were synthesized by coupled in vitro transcription-translation using the TNT reticulocyte lysate system (Promega), with T7 RNA polymerase, in accordance with the manufacturer's instructions. The C-terminally truncated forms LRP130 ⌬C1, ⌬C2, ⌬C3, and ⌬C7 were produced by runoff transcription of the full-length LRP130 cDNA plasmid (see above) after digestion with BsaBI, EcoRI, SacI, or PvuII, respectively. Additional C-terminally truncated constructs that were used for the experiment shown in Fig. 6A were produced similarly after digestion with BspHI or SalI.
RNA-binding assays. Total HeLa extract or 5 l of each in vitro translation reaction mixture was added to agarose-bound RNA homopolymers (Sigma) in 300 l of RSB-100 buffer containing 0.5% Triton X-100. Binding reaction mixtures were incubated for 20 min at 4°C, and reaction products were washed four times with the above buffer. Bound proteins were eluted by boiling in SDS-PAGE sample buffer and analyzed by SDS-PAGE. Proteins were detected by immunoblotting. When in vitro-translated proteins were used, the gel was fixed and dried and bound proteins were visualized by autoradiography. Quantification of the signals was performed with a phosphorimager.
RESULTS

Production of MAbs against LRP130.
We recently identified LRP130 as an RNA-binding protein in nuclear mRNP complexes that likely represent late stages of nuclear mRNA maturation (27) . To characterize in detail the properties and functional significance of LRP130, we generated MAbs against it. The antigens used were portions of LRP130 expressed in bacteria and subsequently purified (see Materials and Methods). Two hybridoma clones, 9C9 and 4C12, produced antibodies that specifically bound human LRP130. Western blot analysis using the 9C9 MAb shows that it binds specifically a single protein band of ca. 130 kDa in a total HeLa cell lysate (Fig. 1A , lane 1), as well as in RNP complexes associated with hnRNP A1 (Fig. 1A, lane 4) , in agreement with our previous identification of LRP130 in these complexes by mass spectrometry (27) . Furthermore, 9C9 binds specifically the bacterially expressed C3 fragment of LRP130, which was used as the antigen, only in lysates from bacteria induced to produce the protein (Fig. 1A, lanes 2 and 3) . Identical results were obtained with the 4C12 MAb, which binds a different epitope on LRP130 than 9C9 (see Materials and Methods), demonstrating that both antibodies react specifically with human LRP130.
Immunofluorescence microscopy of HeLa cells with 9C9 revealed a punctate cytoplasmic staining, as well as nuclear staining of relatively lower intensity (Fig. 1Ba and c) . Both cytoplasmic and nuclear signals were specific, since no staining was observed with nonimmune antibodies under the same conditions ( Fig. 1Bc and d) , and identical staining patterns were observed with the MAb 4C12 (data not shown).
LRP130 is predominantly localized in mitochondria. Because the cytoplasmic distribution of LRP130 resembles that of mitochondrial components, we tested whether cytoplasmic LRP130 colocalizes with mitochondria. HeLa cells were grown in the presence of Mitotracker Red CMXRos to visualize mitochondria and were subsequently stained with the 9C9 MAb. The distribution of LRP130 overlapped virtually entirely with the mitochondrion-specific dye ( Fig. 2A) , indicating that LRP130 is associated with mitochondria.
The mitochondrial association of LRP130 was confirmed by subcellular fractionation. Mitochondria were separated from nuclei and soluble cytoplasm by differential centrifugation (see Materials and Methods), and the mitochondrial fraction was enriched further on a sucrose density step gradient. Western blot analysis of the resulting fractions showed that LRP130 cofractionates with the mitochondrial matrix protein hsp60 (43) (Fig. 2B) . The lack of detectable hnRNP C1/C2 and A1 in these fractions indicates the absence of significant nuclear contamination. LRP130 associated with mitochondria was resistant to digestion by proteinase K (Fig. 2C, lane 4) unless membrane integrity was disrupted with Triton X-100 (Fig. 2C , lane 5), a property consistent with that of an inner mitochondrial protein. The small reduction in the amount of LRP130 upon proteinase digestion in the absence of detergent (Fig. 2C,  lanes 3 and 4) can be attributed to disruption of a small proportion of the mitochondria during the experimental manipulations, as a similar decrease is observed for hsp60. Thus, these results indicate that LRP130 is not simply adsorbed onto the cytoplasmic side of the outer mitochondrial membrane and therefore show that LRP130 is an inner mitochondrial protein.
LRP130 is bound to polyadenylated mitochondrial RNAs in vivo. We showed previously that LRP130 is bound in vivo to polyadenylated RNAs (27) . The predominantly mitochondrial location of LRP130 prompted us to test whether these RNAs included also mitochondrial transcripts. To do so, live HeLa cells were irradiated with UV light to induce covalent crosslinks between RNAs and their bound proteins. The cells were subsequently fractionated into nuclear, mitochondrial, and sol-uble cytoplasmic fractions as described for Fig. 2C . Nuclear and mitochondrial fractions were then subjected to oligo(dT) chromatography under protein-denaturing conditions, in order to select poly(A) RNAs from each fraction together with proteins covalently cross-linked to them. As shown in Fig. 3A , LRP130 is cross-linked to poly(A) RNA in a mitochondrial fraction that is largely devoid of detectable nuclear contamination, as indicated by the absence of cross-linked hnRNP proteins (Fig. 3A, lane 7) . Its retention on the oligo(dT) column reflects specific cross-linking of the protein to poly(A)-containing RNAs, as underscored by the fact that no LRP130 is detected if UV irradiation is omitted (Fig. 3A, lane 8) , as well as by the absence of hsp60, a mitochondrial protein with no reported RNA-binding activity, from the cross-linked complexes (Fig. 3A, lane 7) .
To distinguish whether the RNA to which LRP130 was cross-linked in the mitochondrial fraction is within mitochondria or on their cytoplasmic sides, mitochondria from UVirradiated cells were treated with micrococcal nuclease in the presence or absence of detergent, prior to selection of crosslinked RNPs. As shown in Fig. 3B , LRP130 was still selected by oligo(dT) chromatography after nuclease treatment of intact mitochondria, while it was no longer selected if the integrity of the mitochondrial membranes was disrupted with Triton X-100 during nuclease digestion. Thus, the RNAs to which LRP130 is cross-linked in this fraction are membrane enclosed, and, taken with the above data, this shows that LRP130 is bound in vivo to mitochondrial RNA.
Binding of LRP130 to hnRNP A1-associated RNAs is direct and occurs in vivo. LRP130 cross-linked to polyadenylated RNA was readily detected in the nuclear fraction in the experiments described above (Fig. 3A, lane 6) . However, we could not determine from these results to what extent this reflected the binding of LRP130 to nuclear mRNA, since we could not recover intact nuclei without contaminating mitochondria (Fig.  3A, lane 2 ). An association of LRP130 with nucleus-encoded RNAs was previously deduced from its RNA-dependent association with nuclear mRNP complexes and from the fact that its Drosophila homologue, BSF, binds to the nucleus-encoded bicoid mRNA. In agreement with such an association with nuclear RNAs, our immunofluorescence results (Fig. 1) show that LRP130 is present in nuclei in addition to mitochondria. The availability of anti-LRP130 antibodies allowed us to address directly its association with nmRNPs in vivo.
To test the specificity of the association of LRP130 with hnRNP A1-associated nmRNP complexes, we isolated different RNP complexes associated with a variety of other RNAbinding proteins and their bound RNAs from whole HeLa cell lysates and tested them for the presence of LRP130 (Fig. 4A) . If LRP130 nonspecifically interacted with RNAs during the isolation or exchanged with other types of RNPs, it would be expected to be present in all RNP complexes regardless of the type of RNA that they contain. Pre-mRNA-and mRNA-containing RNPs associated with hnRNP A1 or with hnRNP C1/C2 and rRNA-containing RNPs associated with nucleolin were isolated with MAbs directed against the corresponding proteins. Western blot analysis confirmed that LRP130 is present in RNP complexes associated with hnRNP A1. Only a small amount was detected in hnRNP C-associated complexes upon long exposures of the blots, and virtually none was detected in association with nucleolin (Fig. 4A) . Quantification of the recovered RNA labeled with iments showed that all of the complexes contained similar amounts of RNA (data not shown). Therefore, the presence of LRP130 in hnRNP A1-associated RNPs most likely represents its specific association with nmRNPs but not pre-mRNPs or rRNPs.
As an even more stringent test in vivo of whether LRP130 and hnRNP A1 associate simultaneously with the same RNAs, we again used UV cross-linking as described above. In this case, however, cross-linked complexes that eluted from the oligo(dT) column were first subjected to immunoprecipitation with MAbs against hnRNP A1 or against nucleolin as a negative control. Because the proteins in the eluted complexes are denatured and covalently cross-linked to RNA, there is no possibility of A1 or LRP130 associating with RNA during the extraction process unless they were bound to those RNAs during irradiation in vivo. The presence of LRP130 in immunoprecipitated, cross-linked complexes was then tested by immunoblotting. Coimmunoprecipitation of two proteins would 8) . Proteins in the selected RNPs were released by digestion with RNase and analyzed by immunoblotting with antibodies against LRP130, hsp60, hnRNP C1/C2, and hnRNP A1. Abbreviations are as for Fig. 2. (B) The mitochondrial fraction from UV-irradiated cells was treated with micrococcal nuclease in the presence or absence of Triton X-100. Cross-linked RNP complexes were selected by oligo(dT) chromatography, and bound proteins were released and analyzed as described for panel A by using the anti-LRP130 MAb 4C12. Input lanes contain approximately 1% of the material loaded on the oligo(dT) columns. The smaller amount of LRP130 in the lane corresponding to mitochondria treated in the absence of Triton X-100 is most likely due to the fact that, under these conditions, the nuclease cannot gain access to the LRP130-cross-linked RNAs. The cross-linked LRP130-RNA complexes that resist nuclease digestion would, in turn, be too large to enter the gel. (Fig. 4B, lane 5 ), but not with nucleolin (Fig. 4B, lane 7) . Coimmunoprecipitation of LRP130 with hnRNP A1 depended on prior UV irradiation of the cells (Fig. 4B, lanes 5 and 8) as well as on the integrity of the RNA, since RNase digestion prior to immunoprecipitation significantly reduced the amount of LRP130 that remained associated with hnRNP A1 (data not shown). The relatively small amount of LRP130 associated with hnRNP A1, compared to the total amount of LRP130 cross-linked to RNA (Fig. 4B, lanes 3 and 5) , can be attributed at least in part to the likelihood that most of the cross-linked LRP130 is associated with mitochondrial transcripts, as well as to the low efficiency of the cross-linking of hnRNP A1 to RNA. These data demonstrate that in vivo LRP130 and hnRNP A1 are directly bound to the same RNA(s), and this in turn indicates that LRP130, in addition to binding to mitochondrial transcripts, is also directly bound to nucleus-encoded mRNAs (see Discussion).
Binding of LRP130 to RNA is mediated by a discrete Cterminal region that excludes most of the PPR motifs. Although LRP130 binds RNA directly, its primary sequence did not reveal any previously characterized RNA-binding motifs (3) . To characterize the RNA-binding properties of LRP130 in more detail and to set up a suitable assay to delineate its RNA-binding domain, we tested its binding in vitro to immobilized RNA homopolymers, as done previously for other RNA-binding proteins (44) . This revealed that LRP130 binds with distinct specificity to different RNA homopolymers. LRP130 from HeLa cell extracts bound efficiently to poly(U) and less efficiently to poly(G) and poly(C), whereas it didn't associate detectably with poly(A) (Fig. 5) . LRP130 produced by in vitro transcription and translation exhibited the same RNA-binding specificity as the endogenous HeLa cell protein (Fig. 5) , indicating that, at least as far as binding to RNA homopolymers is concerned, the in vitro-translated protein has properties similar to those of the endogenous protein.
To delineate the RNA-binding domain of LRP130, constructs with progressive deletions from the C or N terminus of LRP130 were generated by in vitro transcription-translation of the corresponding cDNAs and their poly(U)-binding activity was tested (Fig. 6A) . The PPR motifs were used as a reference, and deletions were designed to serially remove clusters or individual PPR motifs from each end of the protein. ing of each truncated protein to poly(U) was quantified as the percentage of bound protein compared to that present in the input material. As shown in Fig. 6C , deletion of one or more PPR motifs from the C-terminal end of the protein (constructs ⌬C1, ⌬C2, ⌬C3, and ⌬C7) drastically reduced the binding to poly(U). By contrast, removing the two N-terminal PPR clusters (constructs C7 and C3), as well as removing the third PPR motif from the end (construct C2), did not have any detectable effect on binding to poly(U). A protein containing only the last PPR motif (construct C1) did not show significant RNA-binding activity. Similar results were obtained when using poly(G) or poly(C) as the ligand (data not shown), whereas none of the truncated proteins showed binding to poly(A) under these conditions, in agreement with the results obtained with fulllength LRP130 (Fig. 5) .
To delineate in more detail the boundaries of the LRP130 RNA-binding domain within the C2 fragment, N-and C-terminally truncated forms of this fragment were produced and tested for binding to immobilized RNA homopolymers ( Fig.  7A and B) . Deletions from either end of the C2 fragment abolished any detectable binding to poly(C). By contrast, constructs where either the N-terminal (C2⌬N1) or the C-terminal (C2⌬C1) regions flanking the remaining PPR motifs were deleted continued to bind to poly(U). Furthermore, the most C-terminal PPR motif could be removed (C2⌬C2) without abolishing the binding to poly(U), provided that the entire remaining portion of the C2 fragment was retained. We interpret these differences in binding to poly(C) and poly(U) as reflecting the weaker binding of LRP130 to the former, as suggested by the fact that binding to poly(C) is more salt sensitive than binding to poly(U) (S. Mili and S. Piñol-Roma, unpublished observations). However, even for poly(U), deletions from either end of the C2 fragment initially decrease the efficiency of binding [constructs C2(⌬N1) and C2 (⌬C2)] and eventually abolish it when they are combined [construct C2(⌬N1C1)] or when they exceed a certain length [C2(⌬N2)]. Thus, of all the constructs tested here, the C2 fragment represents a minimal RNA-binding domain of LRP130. Furthermore, these results indicate that regions of this fragment including (but not restricted to) the two predicted PPR motifs act synergistically to achieve high-affinity binding to RNA.
As the proteins used in these experiments were produced in reticulocyte lysates, it was possible that their observed binding to RNA did not reflect direct interaction but was instead mediated by their association with another RNA-binding protein from the lysate. To clarify this issue, several of these constructs were expressed in bacteria, purified, and tested for binding to the RNA homopolymers. The RNA-binding activity of the purified proteins was indistinguishable from that of the corresponding proteins produced by in vitro translation (Fig. 7C) , confirming that the observed binding reflects direct interaction of LRP130 and of its RNA-binding domain with RNA. Taken together, these results show that the C-terminal region of LRP130 is both necessary and sufficient to confer RNA-binding activity to levels similar to those for the fulllength protein and therefore likely represents the RNA-binding domain of the protein. This region of LRP130 does not show any similarity to previously described RNA-binding motifs and therefore likely constitutes a novel type of RNAbinding domain.
DISCUSSION
We previously identified LRP130 as an RNA-binding protein associated with postsplicing nuclear mRNP complexes, which suggested that it participates in aspects of RNA metabolism specific to processed nuclear mRNA (27) . In agreement with this, the D. melanogaster protein BSF, a likely homologue of LRP130, was found to participate in regulating the stability of the nucleus-encoded bicoid mRNA (22) . We show here that, surprisingly, most of the cellular LRP130 proteins are localized inside mitochondria, where they are directly bound to polyadenylated RNAs in vivo. These findings indicate strongly that LRP130 associates with both nucleus-encoded and mitochondrial mRNAs. This provides, to our knowledge, the first identification in mammalian cells of a protein that is bound directly to mitochondrial RNAs in vivo. Furthermore, in vitro experiments indicate that this association is likely mediated by a novel type of RNA-binding domain that does not contain any of the recognizable RNA-binding motifs described to date.
The mitochondrial location of LRP130 is supported by immunolocalization and subcellular fractionation and by its inaccessibility to exogenously added proteases unless membranes are disrupted (Fig. 2) . Both the Drosophila BSF protein and mouse LRP130 (22, 46) were reported to localize in part to cytoplasmic structures which, given our findings, are likely to correspond to mitochondria. In vivo cross-linking and nuclease protection experiments show that LRP130 is bound to RNA within mitochondria (Fig. 3) , supporting the conclusion that LRP130 binds mitochondrially encoded RNAs. Other mitochondrial proteins with well-characterized enzymatic activities such as glutamate dehydrogenase, aconitase, and enoyl-coenzyme A hydratase have been shown to have RNA-binding activity in vitro (1, 29, 37) . It will be of interest to determine whether they also bind mitochondrial RNA in vivo. An important next step in determining the function of LRP130 in mitochondria will be to identify the RNAs to which it is bound. The in vivo cross-linking and oligo(dT) selection results show that at least a subset of the RNAs bound by LRP130 are polyadenylated RNAs. The most obvious candidates for these RNAs are mitochondrial mRNAs, which contain about 60 to 80 adenylate residues (30) . Additional mitochondrial RNAs that are oligoadenylated include the 12S and 16S rRNAs (11) . Our results do not discern, however, whether all or only a subset of these RNAs are bound by LRP130, nor do they address whether nonpolyadenylated mitochondrial RNAs are also bound by it. We are currently investigating the identity of the RNAs to which LRP130 is bound. While LRP130 is predominantly located in mitochondria, a detectable fraction is also found in nuclei (Fig. 1) . Similarly, a recent report on mouse LRP130 also showed that a fraction of it localizes to the nucleus (46) . This nuclear location is consistent with the association of LRP130 with nucleus-associated mRNPs (27) . Furthermore, we have demonstrated here that LRP130 is associated with hnRNP A1 in vivo by direct crosslinking of the two proteins to the same mRNAs (Fig. 4) . We consider it most likely that the RNAs bound by both LRP130 and hnRNP A1 are nucleus encoded, given the association of hnRNP A1 with nucleus-encoded RNAs. We note, however, that a different shuttling protein, hnRNP K, was recently reported to associate with mitochondrial RNA, although a direct binding to mitochondrial RNA in vivo was not demonstrated (32) . This raises the question of whether hnRNP A1 associates similarly with mitochondrial RNA to which LRP130 is also bound. While we cannot formally exclude this possibility, we consider it highly unlikely given that we cannot detect any hnRNP A1 in mitochondria by either immunofluorescence microscopy or subcellular fractionation (Fig. 2) . In addition, other proteins associated with LRP130 in mitochondrial RNPs do not also associate with hnRNP A1 (S. Mili and S. Piñol-Roma, unpublished data).
Our findings support a role for LRP130 in both nuclear and mitochondrial mRNA metabolism, and perhaps in coordinating gene expression between the two organelles. Studies with its Drosophila homologue suggest that LRP130 is involved in regulating mRNA stability (22) . More recently, a number of interaction studies using primarily yeast two-hybrid approaches have implicated it in a broader range of cellular processes that include cytoplasmic events involving signal transduction and chromosome stability (20, 46) . A dual localization and function in nuclei and mitochondria have been described for several other proteins and RNP complexes involved in RNA or DNA metabolism, including p32, the DEAD box protein MDDX28, and the yeast proteins Rna14p, Trm1, Cca1, and Mod5 (see the introduction). In addition, the mammalian RNase P RNP participates in the processing or modification of both nuclear and mitochondrial tRNAs (38) . Similarly, RNase MRP is mostly concentrated in nucleoli, where it is required for 5.8S rRNA processing, and is also found in mitochondria, where it functions in cleavage of RNA primers during replication of mtDNA (19) .
The dual localization of LRP130 implies the presence of targeting signals within the protein that direct it to nuclei or to mitochondria. A mitochondrial targeting signal (MTS) was not readily identifiable in the amino acid sequence of LRP130 initially deduced from the deposited cDNA (accession no. M92439). However, subsequent searches of expressed sequence tag databases revealed that the sequence of the deposited cDNA is incomplete, in that it is truncated at the 5Ј end and lacks an additional ca. 380 nucleotides that encode the actual first 125 aa of LRP130. This additional sequence is also predicted by the National Center for Biotechnology Information Annotation Project (note that LRP130 is also referred to as LRPPRC; accession no. XM_031527). This additional amino-terminal sequence is highly conserved between human, mouse, and fruit fly LRP130 homologues, and we recently found that it contains a bona fide MTS that is both necessary and sufficient for mitochondrial location of LRP130 (S. Mili and S. Piñol-Roma, unpublished data). Sequences that could function as nuclear localization signals or as nuclear export sequences for the CRM1 export receptor have also been observed by us and others (20) in LRP130, and work to determine whether they indeed function in the nucleocytoplasmic traffic of LRP130 is in progress. Several mechanisms to account for the targeting of proteins to both nuclei and mitochondria, including use of alternative transcription and/or translation initiation, have been described (8, 26) . Work to determine how the subcellular targeting sequences of LRP130 operate in its dual localization and whether they are subjected to regulation is in progress.
While LRP130 binds RNA directly, exhaustive analyses of its amino acid sequence have not revealed any previously described RNA-binding motifs. The most readily recognizable amino acid sequence motif in LRP130 is the PPR motif (42), of which there are 11 predicted copies in LRP130. Notably, the few other proteins with PPR motifs that have been characterized to date have been implicated in RNA metabolism in mitochondria or chloroplasts. The Zea mays Crp1 protein is involved in mRNA processing and in regulation of translation in chloroplasts (12) , and a radish chloroplast protein highly similar to Crp1 was found to bind RNA (17) . Similarly, S. cerevisiae Pet309p is required for the translation and for the production and/or stability of mitochondrial COX1 mRNA (23) . Neurospora crassa Cya5p, related in sequence to Pet309p, is also required for posttranscriptional steps in the production of Cox1 (7) . In this context, the PPR motif had emerged initially as a candidate RNA-binding motif, as its predicted structure is such that a tandem array of PPR motifs could form a superhelix enclosing a groove whose width and charge could accommodate a single strand of RNA (42) . Therefore, we were surprised that 9 out of the 11 PPR motifs in LRP130 could be deleted without impairing detectably its RNA-binding activity, as the carboxy-terminal region of the protein that includes only the last two PPR motifs exhibits RNA-binding activity similar to that of the entire protein (Fig. 6) . However, we cannot exclude the possibility that the portion of LRP130 containing the first nine PPR motifs has no detectable RNA-binding activity because this particular construct is misfolded or because it binds to RNAs with sequence or secondary structure characteristics different from the ones tested here. In any case, the results presented here show that the C-terminal region of LRP130 forms an independently folded RNA-binding domain and that the PPR motifs present in this region, while they may still be involved in binding, are not the only requirements for this activity. We are currently exploring the specific amino acid sequence requirements for the RNA-binding activity of the domain that we have delineated and whether the PPR motifs per se contribute to this activity. Note also that, since the The available information points to the PPR motif as a signature of a large family of proteins involved in organellar RNA metabolism (42) . Our results indicate strongly that most of the PPR motifs of LRP130 are dispensable for its RNAbinding activity and that it is unlikely that the sole function of PPR motifs is to define an RNA-binding domain. This suggests that they may mediate another functional aspect(s) of this family of proteins. Such additional roles may include targeting proteins within organelles and/or providing protein-protein interaction surfaces. For example, both yeast Pet309p and a PPR-containing 50-kDa protein from Nicotiana tabacum associate with membranes (4, 24) . It has been predicted that many of the PPR-containing proteins in Arabidopsis thaliana also associate with membranes (42) . As all the PPR-containing proteins that have been functionally characterized participate in RNA stability or translation (which at least in yeast is tightly associated with the inner mitochondrial membrane [9] ), this raises the possibility that PPR motifs may be involved in the association of proteins with organellar membranes. An exception would be provided by Crp1p, which does not show significant membrane association (12) . PPR motifs could also function in protein-protein interactions, in a manner similar to the closely related tetratricopeptide motifs. An intriguing observation is the presence of a PPR motif at the N termini of many metazoan mitochondrial RNA polymerases (39) . The analogous N-terminal region of the yeast mitochondrial RNA polymerase interacts with Nam1p, a protein involved in mitochondrial RNA processing and translation, thus possibly coupling mitochondrial transcription to RNA processing (39) . It could be envisioned that the PPR motifs of metazoan mitochondrial RNA polymerases could fulfill a similar role by recruiting mitochondrial RNA-processing factors. We note in addition that, to our knowledge, a possible role for these other PPR-containing proteins in nuclear RNA metabolism was not excluded.
Our findings that human PPR-containing protein LRP130 is an RNA-binding protein will enable us to gain a better understanding of this family of proteins and also open the way for a thorough exploration of the role of RNA-binding proteins in human mitochondrial gene expression. Furthermore, the dual localization of LRP130 in nuclei and in mitochondria raises the possibility that it participates in coordinating gene expression in these two organelles. Finally, these findings provide a framework for a detailed understanding of the molecular processes affected by the LRP130 mutations that underlie the FrenchCanadian type of Leigh syndrome, a cytochrome c oxidase deficiency in humans (28) .
